Introduction {#Sec1}
============

The bismide GaAs~*1−x*~Bi~*x*~ alloy has experienced an extensive amount of research and represents the emerging class of bismuth-containing group III--V semiconductors \[[@CR1]\]. Bismuth is the largest stable and non-toxic element, which upon incorporation produces large GaAs band gap reduction. Substitution of Bi in the group V sublattice allows achieving the band gap bowing as much as 90 meV/Bi% in GaAsBi with a moderate lattice strain \[[@CR1]--[@CR3]\]. A large spin-orbit band splitting is another notable effect of Bi incorporation in the lattice. This may allow suppressing the inter-valence band absorption and Auger-Meitner recombination in GaAs~*1−x*~Bi~*x*~ with concentrations *x* \> 10% \[[@CR4]\]. Combined with the reduced band gap sensitivity, these properties make the bismide an attractive candidate for applications in the long-wave infrared lasers, photodetectors, and multijunction solar cells, among others \[[@CR1], [@CR5]--[@CR7]\].

The incorporation of Bi in the GaAs matrix requires unconventional growth conditions since Bi atoms tend to desorb at typical GaAs growth temperatures \[[@CR8]--[@CR10]\]. Substrate temperatures below 400 °C are typically needed, as well as nearly stoichiometric group III/V ratios. Care must be taken to avoid the formation of surface Ga or Bi droplets which can easily occur near these conditions and are associated with non-uniformities of the growing layer thickness and its composition \[[@CR11]--[@CR14]\]. Low temperatures needed to incorporate larger concentrations of Bi make molecular-beam epitaxy (MBE) the preferred method of synthesis, although progress has been made using metal-organic vapour phase-epitaxy \[[@CR15]--[@CR17]\]. GaAsBi alloys still show surprisingly high photoluminescence (PL) intensity for these low growth temperatures, which is attributed to the Bi surfactant effect and reduced density of As-related point defects that typically form in low-temperature GaAs \[[@CR18], [@CR19]\]. In the picture of the valence band (VB) anti-crossing, incorporated individual Bi atoms produce a resonant state below the extended GaAs VB causing the optical band gap reduction \[[@CR2], [@CR20], [@CR21]\]. First-principles calculations also demonstrate that clusters composed of nearby interacting Bi atoms can produce band gap narrowing significantly larger than by isolated Bi atoms \[[@CR22]\]. These different Bi configurations produce strong VB perturbations and can introduce localized electronic defect states. Studies suggest that lattice strain produced by large Bi atoms will cause the clusters more likely to bind to vacancies V~Ga~ and V~As~ \[[@CR23]\]. As-rich growth conditions should favor the formation of Bi~Ga~ hetero-antisite defects which are predicted to cause deep hole traps in GaAsBi \[[@CR23], [@CR24]\]. Pronounced exciton localization effects are commonly observed in temperature-dependent PL of GaAsBi alloys and are attributed to such Bi-related clusters and defect complexes \[[@CR25], [@CR26]\].

Like many other ternary III--V semiconductor alloys, GaAsBi shows the tendency for spontaneous ordering \[[@CR27]\]. The so-called CuPt~B~-type ordering, whereby the concentration of Bi atoms is modulated on every second {111}B-type plane, has been observed using high-resolution (scanning) transmission electron microscopy (STEM/TEM) \[[@CR13], [@CR17], [@CR28]\]. It is widely accepted that the CuPt~B~-type modulation in III--V alloys is driven by surface reconstruction dynamics and is accompanied by the (2 × 1) reconstruction consisting of surface dimer rows \[[@CR27], [@CR29]--[@CR33]\]. When deposited on flat (001) GaAs substrates, the ordering occurs on two of the four distinct sets of {111} planes. A single B-type ordering subvariant can be further selected by utilizing vicinal substrates. Indeed, recent work showed this to apply for GaAsBi as well, whereby large CuPt~B~-type domains have been achieved on a single set of {111}B planes using low-angle offcut wafers \[[@CR34]\]. The CuPt-type ordering in GaInP~2~ is probably the most studied since high-quality crystals with large order parameter can be achieved in this alloy. The long-range order changes the zinc-blende point group symmetry from tetrahedral T~d~ to trigonal C~3v~ \[[@CR35], [@CR36]\]~.~ Notable effects due to the symmetry reduction include band gap narrowing, the polarization of photoluminescence, birefringence, and anisotropic strain \[[@CR37]--[@CR39]\]. The magnitude of these effects depends on the long-range order parameter, *η*, which shows the extent of elemental distribution among ordered lattice planes. In a CuPt~B~-ordered AB~*1−x*~C~*x*~ alloy (for *x* \< =0.5), the lattice alternates in B element-rich AB~1−(*x−η*/2)~C~*x−η*/2~ and C-rich AB~1-(*x\ +\ η*/2)~C~*x\ +\ η*/2~ monolayers along a \< 111\>B direction. The order parameter *η* = 0 in a random alloy while in a fully ordered one with concentration *x* it is thus *η* = 2*x*.

Clearly, the distribution of Bi within such ordered alloys differs from a random alloy, and this should be considered when further deducing the alloy properties \[[@CR17], [@CR40]\]. The understanding of CuPt-ordering effects in dilute GaAsBi alloys is still at the early stages, requiring more systematic studies. In this article, advanced aberration-corrected STEM methods are employed to analyze modes of Bi distribution in several distinctly grown GaAsBi alloys. The analysis is performed using statistical STEM Z-contrast image processing and image simulations, as well as atomically resolved X-ray energy dispersive spectroscopy (EDX). Monochromated electron energy-loss spectroscopy (EELS) is employed to investigate local unit-cell volume changes in GaAsBi using bulk plasmon energy shifts.

Results and discussion {#Sec2}
======================

The first GaAs~*1−x*~Bi~*x*~ sample presented here, S1, is a p-i-n hetero-diode with doped GaAs layers and intrinsic 420 nm bismide. Bismuth concentration in the sample was determined to be 4.5% Bi using X-ray diffraction (not shown here) and room temperature PL, indicating 1.10 eV band gap (SI Fig. S[1](#MOESM1){ref-type="media"}). PL band edge measurements are translated to Bi% using references \[[@CR1], [@CR2], [@CR4]\]. A cross-sectional atomic-resolution HAADF STEM image along \[110\] zone axis near the GaAs-GaAsBi interface is shown in Fig. [1](#Fig1){ref-type="fig"}a. The \[001\] growth axis and other relevant crystallographic directions are marked in Fig. [1](#Fig1){ref-type="fig"}b and also applies to Fig. [1](#Fig1){ref-type="fig"}a. Since heavy Bi atoms scatter probe electrons to high angles much stronger than Ga or As atoms, HAADF detector with a large inner-collection angle (90 mrad here) favorably highlights Bi distribution in thin samples. The crystal viewed along a \<110\> direction appears as a collection of atomic "dumbbells", which are oriented parallel to the growth \[001\] axis. Due to their similar atomic numbers (Z), Ga (31) and As (33) cannot be easily distinguished by mere inspection of the HAADF images. However, Bi-containing group-V columns show noticeably higher contrast. As can be seen in Fig. [1](#Fig1){ref-type="fig"}a and in the zoomed-in region near the interface, group-V columns are positioned in the top half of dumbbells above Ga columns. This is expected when imaging GaAsBi along \[110\] zone axis. Note that the polarity of group V/III dumbbells is reversed when the sample is viewed along the orthogonal \[$\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{1} $$\end{document}$1). These are termed B~+~ and B~−~ subvariants by convention. Fourier transform of the image is shown in the top left inset. The four main Bragg spots are \[111\]\*-type, while the four 1/2\[111\]\*-type superlattice spots indicate CuPt~B~ ordering with similar magnitude on the two sets of {111}B planes. A phase-separated GaAsBi region is visible in Fig. [1](#Fig1){ref-type="fig"}b as a darker stripe in the lower image portion. This domain appears darker than a bismide since it is Bi-deficient GaAs-like. Due to the metastability of GaAsBi alloys, a spinodal decomposition and phase separation have been reported in many articles \[[@CR11]--[@CR14], [@CR41], [@CR42]\]. For a clearer depiction of the B~+~ and B~−~ subvariant ordering, Figs. [1](#Fig1){ref-type="fig"}c, d are presented by forming images using 1/2\[111\]\* superlattice reflection pairs. A mask is applied to each superlattice pair in the reciprocal space and inverse Fourier transformed back to the real space. Brighter regions of (111) planes in these images indicate that the ordering is more pronounced, or in other words, that the order parameter is varying locally. There are also TEM sample surface thickness variations due to the sample preparation by a focused ion beam. The sample preparation can leave amorphous surface layers and melted Ga atomic agglomerates on the surface, which can cause weak image intensity modulations. However, Ga scatters much weaker to the high angles than Bi atoms and should not significantly influence the analysis of Bi distribution. The arrow in Fig. [1](#Fig1){ref-type="fig"}d shows a region with ordering anti-phase boundaries. Across such a boundary, the B~+~ (B~−~) domain changes its phase by switching all Bi-rich planes into As-rich planes. Ordering anti-phase boundaries can form by glide of dislocations or due to a random alternation among B~+~ and B~−~ domains during growth \[[@CR43]\]. The latter appears to be the case here. Fig. 1**a** Cross-sectional HAADF image of sample S1 GaAs-GaAsBi interface area. A zoomed-in inset of the interface is shown on the bottom right. Crystallographic directions are the same as in Fig. 1b. **b** HAADF image of the sample away from the interface. An elongated spontaneously phase-separated GaAs-like domain is seen in the middle. Inset shows the Fourier transform of the image. **c** An image formed from (**b**) using the 1/2\[$\documentclass[12pt]{minimal}
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Quantification of the HAADF image shown in Fig. [1](#Fig1){ref-type="fig"}a is carried out next by considering spatial distributions of atomic column scattering cross-sections (SCS) (see [Methods](#Sec4){ref-type="sec"}). The StatSTEM algorithm is used to fit columns with 2-dimensional Gaussians, and the SCS of a given column is defined as volume under that Gaussian \[[@CR44], [@CR45]\]. This a parametric model-based quantification, as opposed to direct integration of column intensities in an experimental image. The parametric model approach can be more reliable if column intensities tend to overlap, such as in \<110\> GaAsBi. The distribution of SCS in the quantified Fig. [1](#Fig1){ref-type="fig"}a is plotted as a histogram in Fig. [2](#Fig2){ref-type="fig"}b, which is tentatively fitted with five Gaussians. The spatial distributions of SCS are then plotted in Fig. [2](#Fig2){ref-type="fig"}a on the model structure composed of a superposition of Gaussians using the same color-scheme squares placed on each column. The SCS of Ga and As columns strongly overlap and produce the main peak in the histogram. This is due to similar Z-numbers of these atoms as well as additional experimentally introduced broadening (see [Methods](#Sec4){ref-type="sec"}). By plotting the lower Gaussian component (dark blue color) or the upper (lighter blue) within this main peak shows that \~ 60% of, e.g., As columns in the GaAs buffer layer are identified correctly, as can be inspected from the dumbbell polarity. For comparison, SCS quantification of the bottom GaAs buffer layer alone is presented in Supplementary Fig. S[2](#MOESM1){ref-type="media"}. It suggests that more than two Gaussians are needed presently to better distinguish Ga and As columns in the field of view and indicates that their mean SCS differs by as much as 10%. This difference agrees with our simulations shown below and also the results found in Beyer et al. \[[@CR17]\], where Ga and As integrated column intensity distributions in \[010\] GaAsBi were resolved. The presence of strongly scattering Bi atoms extends the SCS to values above \~ 5.5 × 10^5^ e^-^Å^2^ (see SI Fig. S[2](#MOESM1){ref-type="media"}), which gives rise to the right-hand shoulder in Fig. [2](#Fig2){ref-type="fig"}b. It is fitted with three Gaussians to tentatively distinguish columns with higher Bi content. Atomically abrupt GaAs-GaAsBi interface can be seen in Fig. [2](#Fig2){ref-type="fig"}a. Closer inspection shows that the first group-V (001) layer of columns containing significant number of Bi atoms is arranged on every second dumbbell along the interface. This suggests the onset of CuPt-type ordering early in the epitaxial growth. A depiction of the interface atomic configuration is shown in the inset of Fig. [2](#Fig2){ref-type="fig"}b. It recreates the arrangement of atoms along the interface with Bi atoms (orange) on every second column along the first group-V (001) plane. The first \~ 4--5 (001) atomic planes in Fig. [2](#Fig2){ref-type="fig"}a show no predisposition for CuPt B~+~ or B~−~ subvariants. More pronounced single-variant ordering emerges from the \~ 6th (001) group-V atomic layer and then switches to the other subvariant. No antisite defects Bi~Ga~ are indicated by the SCS distribution at the interface, which would be visible as squares on group-III columns with colors associated with Bi. A likelihood of several Bi~Ga~ antisites, however, is found in the top right corner of the figure. Both, group-III and group-V columns show Bi-like SCS on single dumbbells in that region, which may also indicate the presence of defect pairs Bi~Ga~-Bi~As~. To get a better idea of the number of Bi atoms involved in determining the SCS, note that in a nominally 20--25-nm thick sample there are 50--60 atoms in a \< 110\> column. Thus, 2--3 Bi atoms are most likely to be found in a group-V column for a random alloy with presently 4.5% Bi. This number will be higher in ordered Bi-rich planes, probably reaching up to 6--7 in columns with the largest SCS \[[@CR40]\]. To supplement the StatSTEM analysis, multislice HAADF image simulation is presented next on a model GaAsBi \<110\> supercell structure (see [Methods](#Sec4){ref-type="sec"} for details). Fig. 2**a** A distribution of SCS in Fig. [1a](#Fig1){ref-type="fig"}. The colored squares on each atomic column are according to the SCS color scheme in Fig. 2b. **b** A histogram of SCS in Fig. [1](#Fig1){ref-type="fig"}a, fitted with 5 Gaussians. The inset shows a depiction of the interface region. Ga atomic columns are in dark blue, As---in lighter blue, and columns containing Bi are in orange. **c** Simulated HAADF image of the GaAsBi structure shown in Fig. 2d. The number of Bi atoms in a column is shown in parentheses in orange to the right of each group-V column. The fitted SCS values are shown to the left of each column and are normalized to the largest SCS value in the supercell. **d** The model GaAsBi \<110\> structure rotated sideways to highlight Bi positions (orange), light blue-As, dark blue-Ga atoms. The arrow shows the incident beam direction

The contribution to HAADF image intensity from Bi atoms at different sample depths can be non-linear due to what is loosely termed as channeling \[[@CR46]--[@CR49]\]. Quantification of dopants at the atomic scale hence requires consideration when distinguishing true variation in composition from the variation in dopant configurations \[[@CR50], [@CR51]\]. To illustrate the channeling behavior, the average probe intensity variation with sample depth when positioned over As column in \<110\> GaAs is numerically simulated and shown in Supplementary Fig. S[3](#MOESM1){ref-type="media"} (see [Methods](#Sec4){ref-type="sec"}). The model GaAsBi structure 17 nm thick used for HAADF simulations is shown in Fig. [2](#Fig2){ref-type="fig"}d rotated sideways to highlight positions of Bi atoms (orange) within As columns (As---light blue, Ga---dark blue). The arrow marks the incident beam direction. The simulated image shown in Fig. [2](#Fig2){ref-type="fig"}c is fitted using the StatSTEM algorithm for comparison to the experiment. The obtained SCS values were normalized to the SCS value of the column with the largest SCS (6 Bi atoms) and rounded to two significant digits. These normalized values are shown to the left of each column. The number of Bi atoms in each group-V column is shown in parentheses to the right of the column. In a reasonable agreement with the previous findings, the difference between As and Ga SCS values is found \~ 8%. The difference in SCS between pure As column and As columns containing one Bi atom is in a range 2--4% for differently positioned Bi atoms. One can clearly see that different Bi configurations can be misinterpreted for different compositions, e.g., 4 and 5 atoms or 5 and 6 atoms, which give nearly the same SCS values. Bi atoms in a column towards the bottom surface contribute increasingly less to the SCS. Several configurations having 2 Bi atoms one after another examined here seem to produce large contributions to the SCS values. A configuration of 2 Bi atoms along a \[110\] column can be expected to be found in practice if the CuPt~B~ ordering in GaAsBi alloys indeed produces structural units with C~3v~ point group symmetry, i.e., a Ga atom with nearest neighbours 1 As and 3 Bi atoms. Note that identical Ga columns also show variation in their SCS by up to \~ 0.02. This suggests that their immediate environment, e.g., nearby strongly scattering columns, contributes additional intensity due to multiple scattering or by coupling to them via extended probe tails \[[@CR52]\]. Recently introduced better scaling algorithms open the possibility to speed up the quantum mechanical multislice computations and thus to explore aforementioned effects in more detail \[[@CR53], [@CR54]\].

To conclude the STEM analysis of sample S1, electron energy-loss spectroscopy (EELS) is used to map the bulk plasmon energies. The plasmon energy shifts will be related to the unit-cell volume changes and thus to the alloy strain, as discussed next. GaAs exhibits one major plasmon peak at \~ 16 eV, and unlike, e.g., CdTe, it does not show complex interfering features from inter-band transitions \[[@CR55]\]. As a first approximation to interpret the measured plasmon energy changes, we employ the Drude-Lorenz model for free-electron electron gas, where free electrons are now the valence electrons in the semiconductor \[[@CR56]\]. The bulk plasmon energy in this model is given as $\documentclass[12pt]{minimal}
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                \begin{document}$$ {E}_p=\hslash {\left(N{e}^2/ Vm{\epsilon}_0\right)}^{1/2} $$\end{document}$, where *N* is the number of valence electrons in the unit cell, *e* is the electron charge, *V* is the unit-cell volume, *m* is the electron mass, and *ε*~*0*~ is the permittivity of free-space. The simple Drude-Lorenz model generally predicts the plasmon energy within a few percent in semiconductors and needs to be corrected for band structure effects if a better match is sought after \[[@CR56]\]. As shown in InGaAs and group-III nitride semiconductor alloys, the change in unit-cell volume is the leading quantity determining the plasmon energy shifts \[[@CR57], [@CR58]\]. Similarly, the substitution of isoelectronic Bi atoms in GaAs matrix mainly acts to expand the unit-cell volume, *V*, and thus red-shift the plasmon energy. In the following, we employ the measured GaAs and GaAsBi peak energies to infer the local strain-state change in GaAsBi layer via a ratio of their unit-cell volumes.

A region is selected which contains phase separated GaAsBi domains shown in the HAADF image Fig. [3](#Fig3){ref-type="fig"}. EELS spectra were collected from each pixel accompanying the simultaneously acquired HAADF image (see [Methods](#Sec4){ref-type="sec"} and SI Fig. S[4](#MOESM1){ref-type="media"} for raw spectrum). Dashed lines in the HAADF image indicate the interfaces between the intrinsic GaAsBi and the p-type (bottom) and n-type (top) GaAs layers. The interface demarcation lines were determined from lower magnification STEM images (not shown here). The protective Pt layer is visible as the higher contrast material above the upper n-GaAs. GaAs layers and also phase separated domains within GaAsBi appear darker in the HAADF image. The vertical line profile on the right-hand side EELS figure was acquired by binning all EELS data points horizontally. It shows relative bulk plasmon peak energy shift, E~GaAsBi~-E~GaAs~, as referenced to the GaAs plasmon energy (measured to be 16.23 eV) within the bottom p-GaAs buffer layer. The plasmon peak is seen to shift on average by 0.08 eV to lower energies in the GaAsBi layer. The small variations within \~ 0.01 eV are at the quantification noise levels. The phase separated domains near the top GaAs (thin layer) and bottom (two intersecting domains) return to the GaAs plasmon energy value, suggesting that they contain negligible Bi concentrations. Dopant concentrations in the GaAs layers (order 10^17^ cm^−3^) are insignificant compared to *N*/*V* and should not affect the plasmon energy. We now consider two limiting cases for the GaAs~*1−x*~Bi~*x*~ unit-cell volume *V*; one where the lattice is fully relaxed and another where it is fully strained to GaAs substrate. In the fully relaxed case, the unit cell is cubic with lattice constant *a* ≈ 5.684 Å at *x* = 4.5% Bi \[[@CR1]\]. Using the above square root relationship between plasmon energy and *V*, the energy shift relative to GaAs should be $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Delta {E}_p^{GaAs Bi}=16.23\left({\left({V}_{GaAs}/{V}_{GaAs Bi}\right)}^{1/2}-1\right)=-0.132\mathrm{eV} $$\end{document}$, which is clearly larger than the measured one. Based on relaxation trends of GaAsBi alloys, we estimate that \~ 30% of the lattice is relaxed in this 420 nm thick film, considering that it also experienced short thermal annealing while growing the top n-GaAs layer. Hence, the average GaAsBi unit cell will be overestimated in the fully relaxed scenario and explains larger $\documentclass[12pt]{minimal}
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                \begin{document}$$ \Delta  {E}_p^{GaAsBi} $$\end{document}$ obtained above. In the other limit, the bismide lattice is taken to be fully strained with the in-plane lattice constant equal to that of GaAs (*a* = 5.653 Å). The out-of-plane lattice constant required to retrieve the − 0.080 eV energy shift is then found *a*~z~ = 5.709 Å. This is a sensible *a*~z~ value and can be compared to the XRD-RSM measurements of GaAsBi compressively strained to GaAs substrate \[[@CR1], [@CR34], [@CR59]\]. Due to relaxation, the actual lattice constants are expected to be in between these two limiting cases. This demonstrates a promising characterization method which can provide information on the lattice strain complementary to X-ray-based techniques in such metastable alloys. Fig. 3Cross-sectional HAADF image (left) of the p-i-n sample S1, with marked GaAs and GaAsBi layers. Darker regions within GaAsBi are phase-separated domains. The line profile (right) shows EELS bulk plasmon peak energy shift, *E*~GaAsBi~-*E*~GaAs~, relative to the GaAs buffer layer. The profile is closely aligned with the simultaneously acquired HAADF image on the left. EELS data pixels are fully binned in the horizontal direction and thus indicate spatially averaged values. The scale bar is 100 nm, and it also applies to the vertical axis of the EELS profile

The second GaAsBi sample, S2, was grown over a GaAs buffer layer that was deposited on an offcut Ge substrate (see [Methods](#Sec4){ref-type="sec"}). The Ge-GaAsBi hetero-epitaxy was analyzed in our previous work, which also demonstrated large-domain single-variant CuPt~B~ ordering in GaAsBi \[[@CR34]\]. Additional data are presented in this work and are used for completeness of the discussion on Bi atomic ordering. The total bismuth concentration in this sample is \~ 5.8% as measured by PL (SI Fig. S[1](#MOESM1){ref-type="media"}) \[[@CR34]\]. The offcut combined with GaAs buffer layer employed in this epitaxy helps to avoid the formation of anti-phase domains in GaAsBi, which are still troublesome to eliminate when growing it directly on non-polar Ge \[[@CR60]--[@CR62]\]. Figure [4](#Fig4){ref-type="fig"}a shows the GaAs-GaAsBi interface area with GaAsBi layer visibly brighter in the HAADF image. As opposed to the previous GaAsBi film deposited on a flat GaAs substrate, here, a single CuPt~B~ ordering subvariant is selected due to the offcut. This can be seen in the HAADF image, and its Fourier transform inset on the top right showing a pair of 1/2\[$\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{1} $$\end{document}$11\]\* superlattice spots. Figure [4](#Fig4){ref-type="fig"}b was formed by applying a mask to the pair of superlattice reflections, analogous to Fig. [1](#Fig1){ref-type="fig"}c, d. It shows a much more uniform and large-domain ordering in the film. Atomically resolved EDX images were acquired from this sample to estimate the order parameter *η* based on the compositional analysis. EDX chemical mapping often excels over the alternative core-loss EELS quantification, which tends to have worse signal-to-noise ratio when quantifying high-energy and delayed ionization edges \[[@CR56], [@CR63]--[@CR65]\]. STEM scanning direction was changed to align the ordered ($\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{1} $$\end{document}$11) plane is clear and it follows As atomic positions. For the EDX compositional quantification, two data sets with 512 × 512 pixels each were acquired from different areas of the sample using identical experimental conditions. Subregions were aligned, and the raw signals summed resulting in a total of 10 frames. A horizontally summed raw data vertical line profiles of As-K and Bi-M are shown in Fig. [4](#Fig4){ref-type="fig"}f. To quantify bismuth composition in the Bi-rich and Bi-deficient (111) planes, an integration window 3 Å wide was used, centered on the atomic planes. After background subtraction and averaging over all (111) planes, it shows that Bi X-ray counts are \~ 3 times higher in the Bi-rich planes. Total concentration 5.8% Bi in the sample, as obtained by PL and XRD-RSM measurements, is then used to linearly scale Bi X-ray counts to the composition, which shows that Bi reaches up to 9% in the Bi-rich planes. The order parameter can thus be estimated (see [Introduction](#Sec1){ref-type="sec"}) to be *η* = 0.07. Note that a fully ordered bismide with this total Bi concentration would have the order parameter η = 0.116. Similarly to HAADF analysis, EDX quantification of individual columns suffers from channeling effects since the ionization potential of core electrons is highly localized. As shown by other authors in Al~*x*~Ga~*1-x*~As alloy, this can result in up to \~ 5% X-ray counts standard deviation due to different dopant configurations \[[@CR50]\]. Considering the deviation, the X-ray counts are still found to scale linearly with a number of dopants in not too thick samples. The configurational error in the present study is minimized by effectively averaging over \~ 11 atomic columns in each (111) plane, for a total of \~ 130 columns. In addition, electron probe tails and multiple scattering can produce signal delocalization in EDX images \[[@CR52]\]. HAADF image simulations in the previous section showing variation of the Ga SCS values hint on the expected magnitude of these effects in the EDX quantification. The shot noise appears presently to be the main accuracy limiting factor due to inherently low Bi X-ray counts in such dilute alloys. Fig. 4**a** HAADF image of GaAsBi sample S2 near the interface with the GaAs buffer layer, grown on offcut (001) Ge. Fourier transform on the top right shows pair of peaks indicating ordering on the single set of ($\documentclass[12pt]{minimal}
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The final GaAsBi sample, S3, that we wish to explore here was synthesized under conditions to create so-called vertical composition modulations (VCM) (see [Methods](#Sec4){ref-type="sec"}) \[[@CR66]\]. In contrast to samples S1 and S2, the VCM is achieved in S3 by utilizing a slower substrate rotation rate (RPM), which is coupled to intrinsically inhomogeneous elemental flux profiles reaching the substrate in a typical MBE chamber. The III/V elemental ratio within a sample region can be oscillated by controlling the RPM and the film growth rate to obtain the desired VCM period. A vertical spiral in regards to Bi concentration can be obtained in GaAsBi this way, as has been well explained in *M.A.Stevens* et al. \[[@CR66]\]. A cross-sectional HAADF image of the GaAsBi sample S3 is shown in Fig. [5](#Fig5){ref-type="fig"}a, grown on a (001) GaAs substrate rotated 5 RPM and 300 nm/h growth rate. Total bismuth composition in the sample area under investigation was determined to be 2.8% Bi using room-temperature PL (SI Fig. S[1](#MOESM1){ref-type="media"}). The VCM is visible with a well-defined superlattice-like appearance. The tendency to CuPt~B~ order is also visible in this image, and here it incurs the additional vertical modulation. The inset on the top right shows Fourier transform of the image with arrows marking the pair of stripes, which result from Bi content modulation along the \[$\documentclass[12pt]{minimal}
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                \begin{document}$$ \overline{1} $$\end{document}$10\] direction on every second plane and accordingly reduced extent of (111)-type ordered planes along \[001\]. Fig. 5**a** HAADF image of the VCM GaAsBi sample S3. Bi concentration modulations along the growth \[001\] direction are visible, as well as CuPt~B~ ordering within the Bi-enriched planes. Inset shows Fourier transform with reminiscent CuPt~B~ ordering modulated by the VCM. **b** A combined Wiener filtered elemental EDX image of the sample with normalized X-ray counts for each element, Bi-green, As-Blue, and Ga-red. **c** Vertical X-ray count profile extracted from 3 × 3 binned raw As-K and Bi-M signals, horizontally summed within a 5 nm window

The sample was also investigated using atomic scale elemental EDX mapping. Figure [5](#Fig5){ref-type="fig"}b shows overlaid normalized and color-coded X-ray signals of Bi-M (green), As-K (blue), and Ga-K (red). The corresponding elemental Wiener filtered maps are shown in SI Fig. S[5](#MOESM1){ref-type="media"}. The peak-to-peak distance between Bi-rich regions is 1.7 nm, which indicates the VCM period is \~ 3 lattice constants. The peak positions do not align on a single Bi-rich (001) plane. This offset reflects that Bi atoms with higher concentrations are dispersed over 2--3 group-V (001) atomic planes, which is clearer in the HAADF image (Fig. [5](#Fig5){ref-type="fig"}a). Figure [5](#Fig5){ref-type="fig"}c shows 4 VCM periods by plotting vertical Bi-M and As-K line profiles of horizontally summed counts in a 5 nm wide window from the 3 × 3 binned raw EDX data. Despite the signal noise, As-K X-ray count profile seems to inversely follow the Bi-M profile showing small dips at Bi-enriched regions. Such a correlation between substitutional element and the host element X-ray signals may be exploited in future atomic scale EDX analysis of dilute alloys.

Conclusions {#Sec3}
===========

Three different bulk GaAsBi samples regarding Bi distribution modes were investigated in this study using STEM techniques. The quantification of scattering cross sections was applied to a GaAs-GaAsBi hetero-diode grown on conventional (001) GaAs, showing atomically abrupt interface and early CuPt~B~-type ordering onset. Numerical multislice image simulations within the frozen-phonon thermal scattering approximation were used to investigate GaAsBi HAADF images. It showed that due to channeling, the configurational Bi variations can translate into apparent compositional variations. To carry out column-by-column Bi atom counting would thus require numerical image analysis. EDX mapping was presented of a single-variant ordered dilute GaAsBi sample grown on an offcut substrate. To avoid the configurational errors in elemental EDX quantification, the X-ray signals were averaged over many columns in (111) atomic planes, and the order parameter was estimated to be *η* = 0.07 in this sample. The atomic-resolution HAADF and EDX were also used to analyze a VCM GaAsBi film synthesized using a slow substrate rotation rate. This sample showed Bi content modulation in the \[001\] axis with a period of three lattice constants in addition to the CuPt~B~ ordering. Finally, bulk plasmon energy mapping using monochromated EELS was performed on a GaAs-GaAsBi hetero-diode. As the plasmon energy shift in dilute GaAsBi is related to the unit-cell volume changes, this provides a simple method to complement XRD-based techniques to examine local strain-state in GaAsBi alloys.

Methods {#Sec4}
=======

Three different samples were examined in this study, samples S1, S2, and S3, all grown by solid-source MBE. The first sample, S1, is a GaAsBi *p-i-n* heterojunction, with an intrinsic 420-nm GaAsBi layer containing \~ 4.5 Bi%, as evaluated by XRD (not shown here) and room-temperature PL (SI Fig. S[1](#MOESM1){ref-type="media"}). The n-type and p-type GaAs layers are 100 nm and 80 nm thick, respectively, and were doped to 5 × 10^17^ cm^−3^ concentrations using Si and Be, respectively. The sample was grown on an n-type (001) GaAs substrate using SVT-A MBE reactor equipped with metallic Ga and Bi sources and a two-zone valved arsenic cracker. The GaAs layers were deposited using a 330-nm/h growth rate at 600 ^°^C substrate temperature, supplying arsenic overpressure. GaAsBi layer was grown using a 100 nm/h rate, 10 revolutions per minute (RPM) substrate rotation, 360 ^°^C (thermocouple readings), As/Ga BEP around 1.08, Bi flux \~ 10^−7^ Torr. The (2 × 1) surface reconstructions were seen using RHEED during GaAsBi deposition. The second sample, S2, consisted of 280 nm thick GaAsBi with 1.0 eV band gap and\~ 5.8 Bi%, as measured by PL (SI Fig. S[1](#MOESM1){ref-type="media"}) and XRD \[[@CR34]\]. This sample was grown over a \~ 300 nm GaAs buffer layer which was deposited on a *p*-type (001) Ge substrate with 6° offcut towards \<110\>. The first 50 nm of the buffer was deposited by migration-enhanced epitaxy. The remaining 300 nm of GaAs buffer was synthesized at 600 °C. GaAsBi film was grown at 350 °C, with BEP ratio of As to Ga in the range 1.063 to 1.1, and Bi/Ga ratio 0.35--0.37. The substrate was rotated 15 at RPM. The third and final sample, S3, was grown using the Veeco GENxplor MBE chamber, with the same type of sources and the arsenic cracker as in the SVT-A reactor. The sample consists of 500 nm GaAsBi with \~ 2.8% Bi, as measured by PL (SI Fig. [1](#Fig1){ref-type="fig"}) and XRD (not shown here). The layer was grown at 310 °C (band edge absorption measurement, kSA Bandit), on top of 80 nm GaAs buffer layer grown at 580 °C. The growth rate of the bismide was 0.5 monolayers/s, As/Ga BEP ratio \~ 1.35, and Bi flux \~ 8 × 10-8 Torr. The substrate was rotated at 5 RPM.

Transmission electron microscopy samples were prepared in a cross-sectional geometry by the focused ion beam (FIB) lift-out technique using FEI Helios Nanolab 650 dual-beam microscope. The samples were polished to 20--25 nm thickness, as measured by the EELS Log-ratio method, and argon-oxygen plasma-cleaned or degassed before loading into a microscope. HAADF imaging was carried out using cold-field emission double aberration-corrected JEOL JEM-ARM200CF operated at 200 kV \[[@CR67]\]. The inner collection semi-angle of the HAADF detector was set to 90 mrad, with 22 mrad probe convergence semi-angle. The HAADF image analysis was carried out using StatSTEM add-on for Matlab \[[@CR44]\]. Single width 2D Gaussian functions were fitted to the atomic columns after background subtraction. HAADF image simulation was performed using the muSTEM software using 15 frozen-phonon configurations, transmission functions with 0.02 Å square pixel size, and supercell size \~ 20 × 15 Å \[[@CR68], [@CR69]\]. The above experimental STEM probe parameters were used with defocus C1 = 0, C3 = 0.002 mm, and C5 = 1 mm spherical aberration coefficients, and a fully coherent electron probe. Kirkland multislice code was used to calculate the average of electron probe intensity versus sample depth, averaged over 10 frozen-phonon configurations \[[@CR68]\]. The intensity average is taken across the atomic column in a 1 Å wide window. X-ray energy dispersive spectroscopy was performed using 0.98 steradian solid-angle windowless silicon drift-detector JEOL JED-2300. The probe current was set to 200 pA for EDX characterization and pixel dwell time 0.2 msec. The EDX images were 512 × 512 pixels in size, and a total of 5 frames were accumulated for each data set. Wiener filtering was applied to both EDX images for visualization, and sample drift-correction was used on Fig. [5](#Fig5){ref-type="fig"} EDX data. On-axis electron energy-loss spectrum imaging was carried out using a modified monochromated Nion Hermes-200 (ChromaTEM) operated at 100 kV. The probe convergence semi-angle was set to 10 mrad, EELS collection semi-angle 35 mrad, 0.02 eV EELS energy dispersion, and 0.005 s EELS exposure time. The FWHM of the ZLP with beam positioned on the sample was measured to be 0.11 eV. Gatan DM 3.01 image analysis software was employed post-acquisition to center and removes the ZLP. The spectrum image was binned vertically by a factor of 4 and fully binned in the horizontal direction. Cross-correlation-based "Align SI by peak" algorithm was employed within the Gatan DM 3.01 software to determine plasmon peak shifts. Room-temperature PL measurements were carried out using a 420-mm focal length monochromator along with thermoelectrically cooled InGaAs photodetector. Diode-pumped solid-state laser emitting at the wavelength of 532 nm with an estimated power density of 5 kW/cm^2^ was used as an excitation source.

Supplementary information
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 {#Sec5}

**Additional file 1: Figure S1.** Room-temperature photoluminescence spectra of GaAsBi samples presented in the main text. **Figure S2.** (a) The SCS histogram of the bottom GaAs buffer layer in Fig. [1](#Fig1){ref-type="fig"} (a) (and also Fig. [2](#Fig2){ref-type="fig"}(a)) fitted with six Gaussians. The inset on the top right shows the quantified region. (b) Zoomed-in GaAs buffer layer with atomic columns indicated by squares according to the color-scheme in Fig. S[2](#MOESM1){ref-type="media"} (a). **Figure S3.** Shows the average probe intensity in a 1 Å wide window as a function of propagation depth in \<110\> GaAs crystal. The electron probe is positioned directly atop As column. The propagation simulation was averaged over 10 frozen-phonon configurations. Interference-based intensity oscillations can be seen as well as an overall intensity decay. see [Methods](#Sec4){ref-type="sec"} for more details. **Figure S4.** EELS data showing a representative spectrum of GaAs (red) and GaAsBi (black) plasmon peaks. Zero-loss peaks have been centred and removed. The spectra are taken from the same data set as presented in Figure [3](#Fig3){ref-type="fig"} (sample S1) and spatially binned, as detailed in the Methods section. **Figure S5.** Wiener filtered EDX elemental images from sample S3 that were used in the color-overlaid image Fig. [5](#Fig5){ref-type="fig"} (b).

BEP

:   Beam equivalent pressure ratio

EELS

:   Electron energy-loss spectroscopy

FFT

:   Fast Fourier transform

HAADF

:   High-angle annular dark-field

MBE

:   Molecular beam epitaxy

PL

:   Photoluminescence

STEM

:   Scanning transmission electron microscopy

SCS

:   Scattering cross-section

VCM

:   Vertical composition modulations

EDX

:   X-ray energy dispersive spectroscopy

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1186/s11671-020-03349-2.

Not applicable.

T.P. acquired HAADF and EDX data and analyzed EELS data. V.P. and R.B. performed sample synthesis. B.Č. acquired and analyzed PL data. M.S., M.K., and A.N. prepared TEM samples, analyzed, and interpreted HAADF and EELS data. M.C. and V.V. acquired and analyzed EDX and HAADF data. X.L. and M.K. acquired and analyzed EELS data. T.P., V.P., J.D., and A.K. conceived the idea and designed the experiments. All authors contributed to writing of the manuscript. The author(s) read and approved the final manuscript.

This work was supported by the European Regional Development Fund (project No 01.2.2-LMT-K-718-02-0020) under grant agreement with the Research Council of Lithuania (LMTLT). This project has received funding from the European Union's Horizon 2020 research and innovation programme under grant agreement No. 823717-ESTEEM3. This study was also supported by the Operational Program Research and Innovation for the project ITMS2014+ code 313010 T598 co-financed by the European Regional Development Fund. This work has received support from the French state managed by the National Agency for Research under the programme of future investment EQUIPEX TEMPOS-CHROMATEM with the reference ANR-10-EQPX-50.

The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

The authors declare that they have no competing interests.
